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Abstract: Many people spend lengthy periods each day in enclosed vehicles in Hong Kong. However,
comparably limited data is available about in-cabin air quality in air-conditioned private vehicles,
and the car usage that may affect the air quality. Fifty-one vehicles were tested for particulate matter
(PM0.3 and PM2.5), total volatile organic compounds (TVOCs), carbon monoxide (CO), carbon dioxide
(CO2), airborne bacteria, and fungi levels during their routine travel journey. Ten of these vehicles
were further examined for PM0.3, PM2.5, TVOCs, CO, and CO2 during engine idling. In general,
during driving PM2.5 levels in-cabin reduced overtime, but not PM0.3. For TVOCs, 24% vehicles
exceeded the recommended Indoor Air Quality (IAQ) level in offices and public places set by the
Hong Kong Environmental Protection Department. The total volatile organic compounds (TVOC)
concentration positively correlated with the age of the vehicle. Carbon monoxide (CO) levels in
all of the vehicles were lower than the IAQ recommendation, while 96% vehicles exceeded the
recommended CO2 level of 1000 ppmv; 16% vehicles >5000 ppmv. Microbial counts were relatively
low. TVOCs levels at idle engine were higher than that during driving. Although the time we spend
in vehicles is short, the potential exposure to high levels of pollutants should not be overlooked.

Keywords: in-cabin air quality; air-conditioned vehicles; idle engine; volatile organic compounds
(VOCs)

1. Introduction

With people in modern societies spending as much as 70% of their time indoors, it is not surprising
that factors contributing to poor Indoor Air Quality (IAQ) are receiving significant attention from
researchers, government officials, and the general public. However, despite the fact that many people
spend upwards of an hour each day inside enclosed vehicles in industrialized countries, such as the
United States or those in the European Union [1], and progressively more car-use air-cleaning devices
are produced and sold, comparably limited data is available about in-cabin air quality, as opposed
to that in offices and other indoor places. In Hong Kong, vehicles are commonly air-conditioned to
maintain temperature comfort and to reduce outdoor polluted air from entering the cabin. Studies have
reported a higher level of exposure to particulate matter (PM) and total volatile organic compounds
(TVOCs) inside the vehicle cabin as compared to the ambient environment, because the outside air
pollutants can accumulate in the car cabin when the windows are open [2–7]. In addition to the
outside environment, the interior environment can also affect the in-cabin air quality. An investigation
which looked at 101 new Japanese private-use cars found that a total of 275 organic compounds
were detected in the in-cabin microenvironment associated with the interior materials [8]. Specific
carcinogenic organic compounds, e.g., benzene, toluene and formaldehyde, and other toxic gases
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e.g., carbon monoxide (CO) and nitrogen oxide (NOx), as well as residual tobacco smoke are also of
concern [2–7]. In-cabin air quality is not only influenced by chemical pollution, but also by biological
contamination via bacteria and fungi and their by-products e.g., endotoxins from bacteria and beta
(1,3) glucans from fungi. Microbial odors are one of the most notable problems that car occupants
can sense immediately [1,4,9,10]. Many of these pollutants are especially hazardous to people with
respiratory problems or heart diseases [11–13]. Other than the outdoor environment and the car
interior, car age and maintenance, the use of different cleaning and air freshener chemicals, as well as
car usage, such as opening or closing windows and using different ventilation modes can affect the
in-cabin air quality [3].

In Hong Kong, different guidelines and schemes are in place to improve and increase the public
awareness and the regulation of outdoor air pollution, IAQ in public transport, car emission control,
and indoor air quality in offices and public places that are mechanically ventilated. Still not many
guidelines are available on the in-vehicle air quality [14–22]. For instance, the statutory ban against
idling of motor vehicle engines was passed in 2011, prohibiting continuous engine idling for more than
three minutes in any 60-min stationary period and aiming at controlling the impact of air pollution,
heat and noise nuisance that is caused by engine idling on the pedestrians and shops along the
roadside [23]. There is limited data available on the current state of in-cabin air quality in private
vehicles in Hong Kong during driving and engine idling, and no guideline has been set on the levels
of pollutants in vehicle cabins.

Vehicles are usually air-conditioned in hot and/or humid seasons in Hong Kong for temperature
comfort. Moreover, due to the concern over outdoor air pollution, certain people may operate
air-conditioners all-year-round at recirculation mode, making this enclosed environment a common
indoor landscape in vehicles. Some commuters assume that the in-cabin air quality can be improved
once the vehicle is air-conditioned, and once the windows and ventilation are tightly closed to separate
the outside polluted air from the inside. Moreover, the in-vehicle car filter purports to reduce the
in-cabin pollution level. Therefore, the present study aims to answer the question—what is the
in-cabin air quality during driving and engine idling in air-conditioned private vehicles in Hong
Kong? Collecting in-cabin air quality data can give an insight into the commuters’ exposure levels to
different pollutants during their normal travel journey and to justify what mitigation measures and
specifications of air-cleaning devices could improve the air quality.

2. Materials and Methods

2.1. Vehicle Recruitment and In-Cabin Air Measurements

Fifty-one vehicles were recruited and tested in this study on a voluntary and random basis
from May to September 2017. This period was summer in Hong Kong and all of the vehicles were
air-conditioned during the air measurements. Since some people may perceive that air-conditioned
environments mean improved air quality with better temperature comfort, this cabin environment was
selected to examine whether the air quality in cabin is comparable to a Good or Excellent Class of IAQ
in offices and public places in Hong Kong that are set by the Hong Kong Environmental Protection
Department (HKEPD) (Table 1); there are no guidelines on IAQ in private vehicles in Hong Kong.
In-cabin air quality is influenced by both, inside and outside environments, as well as the car usage.
The current study design measured the total outcomes of environmental concentration of different
pollutants. During the study, a researcher entered the vehicle and measured the air quality in the
backseat diagonally opposite to the side of the driver (to avoid interfering the driver and to allow for
more direct airflow to the sampler). The driving route and time was determined by the driver, who was
mostly driving from home to work or vice versa. The journey time was usually around 30 min. Fine
and ultra-fine particulate matter with diameter 2.5 µm (PM2.5) and 0.3 µm (PM0.3), TVOCs, CO, CO2,
temperature, and relative humidity (RH) were measured at one minute intervals from the start to
the end of the journey. The total airborne bacteria and fungi were measured after 10 min of driving.
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Ten of the above 51 vehicles were selected randomly to conduct a more detailed investigation on PM0.3,
PM2.5, TVOCs, CO, and CO2 during engine idling. At idle engine, after the car engine was turned on
for 10 min, the aforementioned parameters were measured for 10 min, as indicated above. The reason
for this sampling lag time was based on the TVOCs measurement in our preliminary studies, which
showed that in most cases TVOCs levels increased gradually and became more stable after 10 min of
engine operation. Collecting air samples after the lag time helped in determining the TVOCs at their
relatively equilibrium levels in the cabin.

Table 1. Indoor air quality objectives in office buildings and public places in Hong Kong [21].

IAQ Parameters Unit 8-h Average

Excellent class Good class
Carbon dioxide (CO2) ppmv <800 <1000

Carbon monoxide (CO) ppmv <1.7 <8.7
Total volatile organic
compounds (TVOCs) ppbv <87 <261

Airborne bacteria CFUm−3 <500 <1000

2.2. IAQ Measurements

PM2.5 and PM0.3 were measured using a TSI AeroTrak® Handheld Particle Counter Model 9303
(TSI Inc., Shoreview, MN, USA). Particle count numbers (PtL−1) rather than particle weight counts
were used in the measurement in order to examine the level of particles in-cabin and the change in
these particle numbers based on two different sizes (0.3 and 2.5 micron), because particle size could
affect their removal by car filters and the other processes in the cabin. TVOCs levels were measured
using a Handheld VOC Monitor ppb RAE 3000 (RAE system Ltd., Hong Kong, China). CO and
CO2 were measured using a TSI IAQ-Calc™ Indoor Air Quality Meter 7545. Total airborne bacterial
and fungal counts were determined with a Portable Air Microbiological Sampler (pbi International)
(total air sampled, 500 L) on Tryptic Soy Agar (TSA) and Potato Dextrose Agar (PDA), respectively.
After incubation at 30 ◦C for 3 days, the bacterial and fungal colonies on the agar plates were counted.
The temperature and RH inside the cabin were monitored using a HOBO temp/RH Logger UX100-003.

2.3. Questionnaires

Information about the vehicles, their usage and the driver’s perception of the outdoor, and
in-cabin air quality was collected using a questionnaire and then grouped by the researcher to show
the percentage distribution of different responses (Table 2).

Table 2. Questionnaire results regarding the vehicles and the driver perception of the outdoor and
in-cabin air quality.

Questions Response

Car age 0–2 years 27.5% 3–5 years 31.4% 6–10 years
27.5%

10–18 years
13.6%

Car mileage 0–30,000 km 31.4% 30,000–60,000 km
19.6%

60,000–90,000
km 25.5%

90,000–120,000
km 19.6%

No response
3.9%

Car usage 3–4 days per week
37.2%

5–6 days per week
37.2%

7 days per
week 25.6%

Frequency of cleaning Every 1–2 weeks
21.6%

Every 1–2 months
33.2%

Every 1–2 years
21.6%

Never/Rarely
13.8% Irregular 9.8%

Filter maintenance Every 6 months
3.7%

Every 10,000 km
3.9%

Twice yearly
9.8% Never 72.6%

Filter types Don’t know 96.1% Original 3.9%

Suspected agents that could
contribute to in-cabin TVOCs No 68.6% Plastic toys 2.0% Fragrance

17.6%
Alcohol gel

3.9%
Do not know

7.9%
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Table 2. Cont.

Questions Response

Air conditioner usage All year 64.7% Summer only
31.4% Irregular 3.9%

Ventilation mode Fresh air 19.6% Recirculation 72.5% Irregular 7.9%

Perceived pollution level
along the travel route Low 21.6% High 21.6% Average 56.8%

Any odors in cabin No 70.6% Yes 29.4%

Smoking in cabin No 94.1% Yes 5.9%

2.4. Data Analysis

During the first 5 min of testing, some parameters fluctuated significantly, which may be due
to the start of the car engine and air-conditioner, driver and researcher movement, and opening and
closing the door. Therefore, these data were discarded, and the subsequent data (next 5 min) were
averaged and analyzed. Total bacterial and fungal counts (collected during driving) in each vehicle
were analyzed, too. The overall average of each parameter from all the vehicles were calculated.

To further interpret the data from these vehicles under different situations, the difference between
the means and the correlation between different parameters, car conditions, and the driver’s perception
of the air quality were performed using independent grouped T-test and Pearson Correlation model
(e.g., in car age, mileage, usage and cleaning frequency analysis, individual values collected from the
vehicles rather than the percentage in different groups were used in the analysis) (Statistical Package
for Social Scientists, SPSS, SPSS Inc., Chicago, IL, USA), respectively.

3. Results

3.1. Overview of the Questionnaire Result

A majority of the vehicles tested (>80%) were within 10 years old and the mileage was less than
90,000 km (Table 2). Most of these vehicles were used regularly. More than half of these vehicles were
cleaned at least every two months, but about 14% were rarely or never cleaned. Interestingly, although
most of the respondents (86%) were aware of cleaning their vehicles, over 70% of the respondents
were not aware of car filter maintenance. Since TVOCs were measured in this study, we asked the
respondents whether any suspected agents that could contribute to in-cabin TVOCs were present
in the vehicle, and if so, these items were removed during the test. Most of the vehicles (69%) were
reported to have no TVOC related items. For the vehicles that had fragrance or alcohol gel in the
cabin, these vehicles were ventilated until a relatively stable TVOC level was displayed before testing.
The air-conditioning system was in-use in all of the vehicles during this study. However, nearly 65%
of the respondents operated the air-conditioning system all year round as a way to improve the air
quality. About 73% of the vehicles used the recirculation mode of ventilation. Most of the respondents
perceived the outdoor air quality as “average”. Most of the vehicles (70%) had no reported odor
problems, and only about 6% of the respondents had smoked in the vehicle. After further data analysis,
some of this information (ventilation modes, car age, and mileages) was used to correlate with different
IAQ parameters, and the results showing a significant correlation are reported below.

3.2. PM2.5 and PM0.3

PM2.5 is one of the parameters commonly monitored in outdoor air as it is closely linked to
the combustion process, such as from car exhaust. In this study, the mean PM2.5 (driving) was
40 ± 28 PtL−1 and was significantly higher than 23 ± 19 PtL−1 at idle engine (Figures 1a and 2a).
As compared to the roadside PM2.5 measurements in different districts (highest 369 PtL−1 in Causeway
Bay to lowest 105 PtL−1 in Tsuen Wan), the levels of in-cabin PM2.5 that were recorded in this study
were mostly lower than the outdoor levels. We noticed that PM2.5 decreased gradually in-cabin over
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time. An average reduction of 34% in 10 min was obtained among the tested vehicles. PM0.3 was
measured to compare with the trend that was observed with PM2.5. Interestingly, the mean PM0.3

count during driving and engine idling were not significantly different, and no trend was observed
(Figures 1b and 2b). In general, a greater variation in PM was recorded during driving when compared
to engine idling.

3.3. CO

CO was detected in 35% of the vehicles during driving and 40% of the vehicles during engine
idling. The mean CO concentrations during these conditions were not significantly different and
within the IAQ recommended Excellent Class (1.7 ppmv) (Figures 1c and 2c).

3.4. CO2

Among the vehicles that were tested, 96% exceeded the IAQ recommendation on CO2 (Good Class,
<1000 ppmv) during driving (mean—3413 ppmv; four vehicles exceeded the maximum detection limit,
8888 ppmv, and this value was used in the calculation of the mean) and 90% exceeded the Good Class
level during engine idling (mean—3096 ppmv) (Figures 1d and 2d). Alarmingly, eight vehicles (almost
16%) had CO2 levels over 5000 ppmv (five times that of the recommendation) during driving condition.

Figure 1. Cont.
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Figure 1. Cont.
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Figure 1. The Indoor Air Quality (IAQ) parameters in the in-cabin microenvironment during driving,
particulate matter (PM)2.5 (a); PM0.3 (b); carbon monoxide (CO) (c); CO2 (d); total volatile organic
compounds (TVOCs) (e); Airborne Bacteria (f); and, Airborne Fungi (g). As there are no IAQ guidelines
for PM0.3 and PM2.5, the PM2.5 levels were compared with the levels recorded in different districts in
Hong Kong.

Figure 2. Cont.



Int. J. Environ. Res. Public Health 2018, 15, 611 8 of 13

Figure 2. The IAQ parameters in the in-cabin microenvironment during engine idling, PM2.5 (a); PM0.3

(b); CO (c); CO2 (d); and, TVOCs (e). As there are no IAQ guidelines for PM0.3 and PM2.5, the PM2.5

levels were compared with the levels recorded in different districts in Hong Kong.
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3.5. TVOCs

During driving, 24% of the vehicles did not achieve Good or Excellent Class levels for TVOCs.
At idle engine condition, 70% of the vehicles were of concern. The mean TVOC concentration at
idle engine (1351 ppbv) was significantly higher than that during driving (331 ppbv) (Figures 1e
and 2e). Both of the mean values were considerably higher than the IAQ recommendation of 261
ppbv. A significant positive correlation (0.319, p < 0.05) between TVOCs and car age was obtained.
Most vehicles (69%) had not used any agent that could contribute to the in-cabin TVOCs (Table 2).

3.6. Microbial Counts

Only three vehicles had bacterial counts above 1000 CFUm−3 (mean = 350 CFUm−3) (Figure 1f).
The mean fungal count was also low (13 CFUm−3) (Figure 1g). Additionally, a significant positive
correlation (0.30, p < 0.05) was observed between PM2.5 and bacterial counts.

4. Discussion

4.1. Impacts of High CO2 Concentrations on Air Quality, Comfort, Health and Road-Safety

CO2 and TVOCs could be present in-cabin at an alarming level as compared to the HKEPD
guideline set for offices and public places in Hong Kong. The guideline applies to an 8-h exposure, but
a high pollutant level present in vehicles, albeit during a brief exposure, may cause an IAQ and health
concern. We identified two potential high-risk situations 1. CO2 during driving and 2. TVOCs during
engine idling.

In IAQ assessment, Good Class CO2 helps indicate an adequate ventilation level to maintain
air comfort. Jung (2013) modeled the CO2 concentration in vehicle cabins with CO2 emission from
occupants [24]. CO2 concentration was predicted to reach above 3000 ppmv with the car ventilation
fan off and the vehicle at rest carrying two passengers for more than 10 min [24]. This prediction is
quite comparable to the idle engine condition from this study (mean 3096 ppmv), although in our
tests, the car ventilation was mostly at recirculation mode, not completely turned off. In this type of
situation, body odor accumulation may be a problem in the cabin. If fresh air with normal CO2 level of
about 400 ppm is introduced into the car through the ventilation system (e.g., fresh air mode), the CO2

level accumulated from human source can be minimized. As seen in our data, some of the vehicles
had a much higher CO2 level than that predicted by the human emission model, which may indicate
permeation of a high level of CO2 into the cabin, such as, from polluted outdoor air and exhaust gas
through leakage of ducting or piping.

According to the Occupational Safety and Health Administration (OSHA) (Washington, DC,
USA) and the American Conference of Governmental Industrial Hygienists (ACGIH), the permissible
occupational exposure limit for an 8-h workday is 5000 ppmv based on occupational health protection
perspective [25,26]. In this study, we found 16% of the driving vehicles had CO2 levels above 5000 ppmv
and the highest ones (four vehicles) could go up to a level that exceeded the measurement limit of
the CO2 meter. These extremely high CO2 levels were beyond the concentration that was found in
normal indoor settings and the occupational limit, although the overall exposure time was less than
eight hours.

The CO2 levels measured in this study may not have posed a direct threat to the physical health
of the commuters, but these measurements can cause dizziness and result in drowsy driving (e.g.,
>2000 ppm of CO2) [27], as well as lower the overall decision-making performance (studies conducted
in a controlled environmental chamber with 1000 and 2500 ppm of CO2) [28]. Drivers need to be alert
to different situations and to make decisions accordingly during driving. Thus, the high CO2 in this
environment may constitute a potential risk to the commuters and road-safety.
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4.2. Idling Engine: Everyone Pays

In Hong Kong, it is common for drivers to switch on the vehicle engine to enjoy the comfort of
air-conditioning and reduce the air intake from the roadside polluted air while waiting for fellow
passengers. This is particularly popular in school zones and shopping streets. Therefore, in 2011
the legislation council passed the Motor Vehicle Idling Ordinance to tackle this problem. The public
education of the statutory ban against idling of motor vehicle engines focuses on the nuisance and
harmful effects of car exhaust emission for pedestrians and shops along the roadside. Nevertheless,
the in-cabin air quality while the vehicle is stationary with the engine running has not been sufficiently
addressed. This study showed that, actually, everyone pays. Alarming levels of TVOCs can accumulate
in the cabin during engine idling.

Compounds, such as benzene, toluene, ethylbenzene, xylene, etc. are known as vehicle exhaust
gases. These compounds are emitted during fuel combustion in car engines or refueling and can
penetrate into the interior of the cabin by natural circulation of air or suction through the ventilation
system [15,17,20,29,30]. The concentrations of 10 major VOCs in static vehicles were significantly
higher than in vehicles during dynamic conditions [31]. In addition, the VOCs concentration increases
with a rise in temperature; when the temperature increased from 24 to 29 ◦C in vehicle cabins, a 28.8%
increase in benzene concentration followed [32]. Furthermore, an increase in temperature from 24 ◦C
to 35 ◦C resulted in a corresponding 1.5-fold increase in in-cabin formaldehyde concentration [33].
In summer time in Hong Kong, outdoor temperature can rise to above 30 ◦C regularly. With the
additional heat generated from the car engine, even higher TVOCs emission and permeation into the
cabin is possible.

To further illustrate the implications of our findings, assuming that a commuter stays in the
cabin with >4000 ppbv of TVOCs (the highest concentration measured in our study) for 1 h, which is
equivalent to the total TVOCs exposure as if working in a “not Good IAQ” office (with TVOCs level
262 ppbv) for over 15 h.

4.3. Improving In-Cabin Air Quality

The HKEPD recommends several measures for commuters to improve in-cabin air quality. Several
points are relevant to this study and are discussed to highlight the current situation and the aspects
that can be improved.

Firstly, it is recommended to open the fresh air vents or windows to introduce fresh air to the
cabin, but close them when passing through polluted areas, such as tunnels or congested areas. In this
study, we found that a majority of the commuters are aware of closing windows and operating the
ventilation vents to the recirculation mode to reduce air pollutants entering the cabin, but none of them
opened windows or switched the ventilation system to the fresh air mode during their journey. Most
commuters (78%) rated the outside pollution level as “average to poor”. The commuters’ perception of
the outside environment is likely to contribute to this behavior. In this study, PM2.5 levels decreased
in the cabin over time irrespective of the ventilation modes but the level of PM0.3 was unaffected.
However, Zhu et al. [3] reported that a vehicle’s car filter could help in reducing ultrafine particles
(diameters less than 100 nm) by 20 to 50%, depending on the particle size. The lowest ultrafine particles
concentration was obtained when using the recirculation mode of ventilation due to least air exchange
between in-cabin and outdoors. In addition, they estimated that for an hour daily commute exposure,
the in-cabin environment contributes approximately 10–50% of the daily exposure to ultrafine particles
from traffic [3].

The in-cabin PM2.5 was significantly higher during driving than engine idling. This may suggest
that PM2.5 is originated from the outdoor air. Previous studies showed that opening windows
allows for outdoor air to penetrate the cabin, and PMs, in addition to other pollutants, tend to
be concentrated, in particular during traffic congestion [34–36]. This study demonstrated that closing
windows could help to lower the PM levels. The World Health Organization (WHO) advices that
the lowest possible concentrations of PMs should be achieved [37]. Additionally, the EUROPART,
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European interdisciplinary group of researchers concluded that “there is inadequate scientific evidence
for establishing limit values or guidelines for particulate mass or number concentrations” in the case
of indoor particles [38]. Although the HKEPD IAQ guidelines do not include the PM2.5, a PM2.5

level of 24 µg m−3 was associated with pathophysiological complications that were shown in some
studies [11]. Exposure to PM2.5 from traffic also affected the heart-rate variability, thrombosis, and
inflammation [12]. Closing windows and switching the ventilation mode to recirculation can help to
reduce PM levels, but these conditions could worsen the internal source and accumulation of VOCs,
NO2, and CO2, because of the limited fresh air intake to dilute the pollutants [10,39].

Secondly, when servicing the vehicle in garage, the HKEPD suggests that people should request
cleaning and replacing air filters and check any leakage of ducting and piping as exhaust gas can
permeate into the cabin if leakage occurs [17,34]. In this study, our participants had little awareness
of air filter maintenance. Moreover, with the very high CO2 and TVOCs levels in some vehicles, it is
likely that the leakage of ducting and piping is quite possible, and in some worse cases, the pollutant
levels were exorbitant.

Other tips include keeping the vehicle compartment clean and dry and removing moldy carpets
to reduce microbial contamination. In this study, both airborne bacterial and fungal levels were low
and no visible mold was observed in the cabin. However, if the microbial load is high, then a reduction
may be achieved by replacing the car filter. A study showed that the microbial load was influenced by
the filter and a 57% decrease in bacterial counts was observed, owing to changing the old filter [40].

For new vehicles, extra relief is proposed through ventilation of the cabin as much as practically
possible to release VOCs from new fittings. Previous studies have suggested a decreasing trend of
TVOCs with car age in the first 3–5 years [8,41,42]. In light of the fact that over 70% of our tested
vehicles were more than three years old, the likelihood of TVOCs stemming from car fittings is
relatively insignificant compared to other potential sources of VOCs.

Lastly, as engine idling could significantly deteriorate the in-cabin air quality within a short
period of time (less than 10 min as shown in our study), commuters should minimize the time of
engine idling.

5. Conclusions

This study gives some insights into the current state of in-cabin air quality in air-conditioned
private vehicles in Hong Kong during driving and engine idling. The potential health hazards
that are present in the vehicle and the implication of this study to the local recommendation to
improve in-vehicle air quality were discussed. The concern of outdoor air pollution may lead to a
regular enclosed cabin and increase commuter’s exposure to other pollutants that were generated by
engine combustion or other internal sources. Although the time we spend in vehicles may be brief,
the potential high pollutant exposure should not be overlooked.

Acknowledgments: The authors gratefully acknowledge the funding support received from Amway, Hong Kong.
We also wish to express thanks to the participants in this study.

Author Contributions: Ka Man Lai conceived and designed the experiments; Kwok Keung Ma and Tsz Wai Ng
performed the experiments; Natasha Maria Barnes analyzed the data; Natasha Maria Barnes and Ka man Lai
wrote the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Müller, D.; Klingelhöfer, D.; Uibel, S.; Groneberg, D.A. Car indoor air pollution-analysis of potential sources.
J. Occup. Med. Toxicol. 2011, 6, 33. [CrossRef] [PubMed]

2. Leung, P.L.; Harrison, R.M. Roadside and in-vehicle concentrations of monoaromatic hydrocarbons. Atmos.
Environ. 1999, 33, 191–204. [CrossRef]

3. Zhu, Y.; Eiguren-Fernandez, A.; Hinds, W.C.; Miguel, A.H. In-cabin commuter exposure to ultrafine particles
on Los Angeles freeways. Environ. Sci. Technol. 2007, 41, 2138–2145. [CrossRef] [PubMed]

http://dx.doi.org/10.1186/1745-6673-6-33
http://www.ncbi.nlm.nih.gov/pubmed/22177291
http://dx.doi.org/10.1016/S1352-2310(98)00147-2
http://dx.doi.org/10.1021/es0618797
http://www.ncbi.nlm.nih.gov/pubmed/17438754


Int. J. Environ. Res. Public Health 2018, 15, 611 12 of 13

4. Geiss, O.; Tirendi, S.; Barrero-Moreno, J.; Kotzias, D. Investigation of volatile organic compounds and
phthalates present in the cabin air of used private cars. Environ. Int. 2009, 35, 1188–1195. [CrossRef]
[PubMed]

5. Hudda, N.; Kostenidou, E.; Sioutas, C.; Delfino, R.J.; Fruin, S.A. Vehicle and driving characteristics that
influence in-cabin particle number concentrations. Environ. Sci. Technol. 2011, 45, 8691–8697. [CrossRef]
[PubMed]

6. Knibbs, L.D.; Cole-Hunter, T.; Morawska, L. A review of commuter exposure to ultrafine particles and its
health effects. Atmos. Environ. 2011, 45, 2611–2622. [CrossRef]

7. Bigazzi, A.Y.; Figliozzi, M.A. Impacts of freeway traffic conditions on in-vehicle exposure to ultrafine
particulate matter. Atmos. Environ. 2012, 60, 495–503. [CrossRef]

8. Yoshida, T.; Matsunaga, I.; Tomioka, K.; Kumagai, S. Interior air pollution in automotive cabins by volatile
organic compounds diffusing from interior materials: I. Survey of 101 types of Japanese domestically
produced cars for private use. Indoor Built Environ. 2006, 15, 425–444. [CrossRef]

9. Geiss, O.; Barrero-Moreno, J.; Kotzias, D. Measurements of volatile organic compounds in car showrooms in
the province of Varese (Northern Italy). Indoor Air 2011, 21, 45–52. [CrossRef] [PubMed]

10. Xu, B.; Wu, Y.; Gong, Y.; Wu, S.; Wu, X.; Zhu, S.; Liu, T. Investigation of volatile organic compounds exposure
inside vehicle cabins in China. Atmos. Pollut. Res. 2016, 7, 215–220. [CrossRef]

11. Riediker, M.; Devlin, R.B.; Griggs, T.R.; Herbst, M.C.; Bromberg, P.A.; Williams, R.W.; Cascio, W.E.
Cardiovascular effects in patrol officers are associated with fine particulate matter from brake wear and
engine emissions. Part. Fibre Toxicol. 2004, 1, 2. [CrossRef] [PubMed]

12. Riediker, M. Cardiovascular effects of fine particulate matter components in highway patrol officers. Inhal.
Toxicol. 2007, 19, 99–105. [CrossRef] [PubMed]

13. Sierra-Vargas, M.P.; Guzman-Grenfell, A.M.; Blanco-Jimenez, S.; Sepulveda-Sanchez, J.D.;
Bernabe-Cabanillas, R.M.; Cardenas-Gonzalez, B.; Ceballose, G.; Hicks, J.J. Airborne particulate
matter PM2.5 from Mexico City affects the generation of reactive oxygen species by blood neutrophils from
asthmatics: An in vitro approach. J. Occup. Med. Toxicol. 2009, 4, 17. [CrossRef] [PubMed]

14. Chan, L.Y.; Lau, W.L.; Lee, S.C.; Chan, C.Y. Commuter exposure to particulate matter in public transportation
modes in Hong Kong. Atmos. Environ. 2002, 36, 3363–3373. [CrossRef]

15. Chan, L.Y.; Lau, W.L.; Wang, X.M.; Tang, J.H. Preliminary measurements of aromatic VOCs in public
transportation modes in Guangzhou, China. Environ. Int. 2003, 29, 429–435. [CrossRef]

16. Chan, L.Y.; Lau, W.L.; Zou, S.C.; Cao, Z.X.; Lai, S.C. Exposure level of carbon monoxide and respirable
suspended particulate in public transportation modes while commuting in urban area of Guangzhou, China.
Atmos. Environ. 2003, 36, 5831–5840. [CrossRef]

17. Lau, W.; Chan, L. Commuter exposure to aromatic VOCs in public transportation modes in Hong Kong.
Sci. Total Environ. 2003, 308, 143–155. [CrossRef]

18. Li, T.; Yan, M.; Liu, J. Comprehensive evaluation of the air quality of public transport in Beijing. Environ.
Health 2008, 25, 514–516.

19. Wang, Y.X.; Tian, H.L.; Zhu, G.; Zhang, B.J.; Xia, X.Q.; Zhang, J. Investigation and analysis of the air quality
of subway line 1 in Zhengzhou. J. Prev. Med. Henan Prov. 2014, 25, 465–468.

20. Yan, C.; Zheng, M.; Yang, Q.; Zhang, Q.; Qiu, X.; Zhang, Y.; Fu, H.; Li, X.; Zhu, T.; Zhu, Y. Commuter exposure
to particulate matter and particle-bound PAHs in three transportation modes in Beijing, China. Environ.
Pollut. 2015, 204, 199–206. [CrossRef] [PubMed]

21. The Government of Hong Kong Special Administrative Region. Indoor Air Quality Management Group.
Guidance Noted for the Management of Indoor Air Quality in Offices and Public Places; The Government of Hong
Kong Special Administrative Region: Hong Kong, China, 2003.

22. Indoor Air Quality Centre. Available online: http://www.iaqhk.com/control.htm (accessed on 24 March
2018).

23. Environmental Protection Department, the Government of Hong Kong, Special Administrative Region.
Available online: http://www.epd.gov.hk/epd/english/environmentinhk/air/prob_solutions/idling_
prohibition.html (accessed on 24 March 2018).

24. Jung, H. Modeling CO2 Concentrations in Vehicle Cabin; SAE Technical Paper (No. 2013-01-1497); SAE Technical:
Troy, MI, USA, 2013.

http://dx.doi.org/10.1016/j.envint.2009.07.016
http://www.ncbi.nlm.nih.gov/pubmed/19729200
http://dx.doi.org/10.1021/es202025m
http://www.ncbi.nlm.nih.gov/pubmed/21928803
http://dx.doi.org/10.1016/j.atmosenv.2011.02.065
http://dx.doi.org/10.1016/j.atmosenv.2012.07.020
http://dx.doi.org/10.1177/1420326X06069395
http://dx.doi.org/10.1111/j.1600-0668.2010.00681.x
http://www.ncbi.nlm.nih.gov/pubmed/20846213
http://dx.doi.org/10.1016/j.apr.2015.09.005
http://dx.doi.org/10.1186/1743-8977-1-2
http://www.ncbi.nlm.nih.gov/pubmed/15813985
http://dx.doi.org/10.1080/08958370701495238
http://www.ncbi.nlm.nih.gov/pubmed/17886057
http://dx.doi.org/10.1186/1745-6673-4-17
http://www.ncbi.nlm.nih.gov/pubmed/19563660
http://dx.doi.org/10.1016/S1352-2310(02)00318-7
http://dx.doi.org/10.1016/S0160-4120(02)00189-7
http://dx.doi.org/10.1016/S1352-2310(02)00687-8
http://dx.doi.org/10.1016/S0048-9697(02)00647-2
http://dx.doi.org/10.1016/j.envpol.2015.05.001
http://www.ncbi.nlm.nih.gov/pubmed/25978352
http://www.iaqhk.com/control.htm
http://www.epd.gov.hk/epd/english/environmentinhk/air/prob_solutions/idling_prohibition.html
http://www.epd.gov.hk/epd/english/environmentinhk/air/prob_solutions/idling_prohibition.html


Int. J. Environ. Res. Public Health 2018, 15, 611 13 of 13

25. OSHA (Occupational Safety and Health Administration). Sampling and Analytical Methods: Carbon Dioxide in
Workplace Atmospheres; Occupational Safety and Health Administration: Washington, DC, USA, 2012.

26. ACGIH (American Conference of Governmental Industrial Hygienists). TLVs and BEIs; American Conference
of Governmental Industrial Hygienists: Cincinnati, OH, USA, 2011.

27. Walsh, D. The Drowsy Driving Off Switch-A simple control in vehicles could potentially reduce the
prevalence of drowsy driving and have a huge impact on the number of crashes and associated deaths.
Synergist 2012, 23, 24.

28. Satish, U.; Mendell, M.; Shekhar, K.; Hotchi, T.; Sullivan, D.; Streufert, S.; Fisk, W.J. Is CO2 an indoor
pollutant? Direct effects of low-to-moderate CO2 concentrations on human decision-making performance.
Environ. Health Perspect. 2012, 120, 1671–1677. [CrossRef] [PubMed]

29. Jo, W.K.; Park, K.H. Concentrations of volatile organic compounds in the passenger side and the back seat of
automobiles. J. Expo. Anal. Environ. Epidemiol. 1999, 9, 217–227. [CrossRef] [PubMed]

30. Jo, W.K.; Yu, C.H. Public bus and taxicab drivers’ work-time exposure to aromatic volatile organic compounds.
Environ. Res. 2001, 86, 66–72. [CrossRef] [PubMed]

31. Fedoruk, M.J.; Kerger, B.D. Measurement of volatile organic compounds inside automobiles. J. Expo. Sci.
Environ. Epidemiol. 2003, 13, 31–41. [CrossRef] [PubMed]

32. Xiong, J.; Yang, T.; Tan, J.; Li, L.; Ge, Y. Characterization of VOC emission from materials in vehicular
environment at varied temperatures: Correlation development and validation. PLoS ONE 2015, 10, e0140081.
[CrossRef] [PubMed]

33. Xu, B.; Chen, X.; Xiong, J. Air quality inside motor vehicles’ cabins: A review. Indoor Built Environ. 2016.
[CrossRef]

34. Do, D.H.; Van Langenhove, H.; Chigbo, S.I.; Amare, A.N.; Demeestere, K.; Walgraeve, C. Exposure to volatile
organic compounds: Comparison among different transportation modes. Atmos. Environ. 2014, 94, 53–62.
[CrossRef]

35. Weisel, C.P. Automobile, Bus, and Rail Passenger Air Quality. In Air Quality in Airplane Cabins and Similar
Enclosed Spaces. The Handbook of Environmental Chemistry; Hocking, M., Ed.; Springer: Berlin/Heidelberg,
Germany, 2005; Volume 4H, pp. 317–334.

36. Schlink, U.; Rehwagen, M.; Damm, M.; Richter, M.; Borte, M.; Herbarth, O. Seasonal cycle of indoor-VOCs:
Comparison of apartments and cities. Atmos. Environ. 2004, 38, 1181–1190. [CrossRef]

37. World Health Organization. WHO: The World Health Report: Reducing Risks, Promoting Healthy Life; World
Health Organization: Geneva, Switzerland, 2002.

38. Schneider, T.; Sundell, J.; Bischof, W.; Bohgard, M.; Cherrie, J.W.; Clausen, P.A.; Dreborg, S.; Kildeso, J.;
Kjærgaard, S.K.; Løvik, M.; et al. ‘EUROPART’. Airborne particles in the indoor environment. A European
interdisciplinary review of scientific evidence on associations between exposure to particles in buildings and
health effects. Indoor Air 2003, 13, 38–48. [CrossRef] [PubMed]

39. Lawryk, N.J.; Weisel, C.P. Concentrations of volatile organic compounds in the passenger compartments of
automobiles. Environ. Sci. Technol. 1996, 30, 810–816. [CrossRef]

40. Vonberg, R.P.; Gastmeier, P.; Kenneweg, B.; Holdack-Janssen, H.; Sohr, D.; Chaberny, I.F. The microbiological
quality of air improves when using air conditioning systems in cars. BMC Infect. Dis. 2010, 10, 146. [CrossRef]
[PubMed]

41. Buters, J.T.; Schober, W.; Gutermuth, J.; Jakob, T.; Aguilar-Pimentel, A.; Huss-Marp, J.; Traidl-Hoffman, C.;
Mair, S.; Mayer, F.; Breuer, K.; et al. Toxicity of parked motor vehicle indoor air. Environ. Sci. Technol. 2007,
41, 2622–2629. [CrossRef] [PubMed]

42. You, K.W.; Ge, Y.S.; Bin, H.U.; Ning, Z.W.; Zhao, S.T.; Zhang, Y.N.; Peng, X.I.E. Measurement of in-vehicle
volatile organic compounds under static conditions. J. Environ. Sci. 2007, 19, 1208–1213. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1289/ehp.1104789
http://www.ncbi.nlm.nih.gov/pubmed/23008272
http://dx.doi.org/10.1038/sj.jea.7500041
http://www.ncbi.nlm.nih.gov/pubmed/10412670
http://dx.doi.org/10.1006/enrs.2001.4257
http://www.ncbi.nlm.nih.gov/pubmed/11386743
http://dx.doi.org/10.1038/sj.jea.7500250
http://www.ncbi.nlm.nih.gov/pubmed/12595882
http://dx.doi.org/10.1371/journal.pone.0140081
http://www.ncbi.nlm.nih.gov/pubmed/26452146
http://dx.doi.org/10.1177/1420326X16679217
http://dx.doi.org/10.1016/j.atmosenv.2014.05.019
http://dx.doi.org/10.1016/j.atmosenv.2003.11.003
http://dx.doi.org/10.1034/j.1600-0668.2003.02025.x
http://www.ncbi.nlm.nih.gov/pubmed/12608924
http://dx.doi.org/10.1021/es950225n
http://dx.doi.org/10.1186/1471-2334-10-146
http://www.ncbi.nlm.nih.gov/pubmed/20515449
http://dx.doi.org/10.1021/es0617901
http://www.ncbi.nlm.nih.gov/pubmed/17438825
http://dx.doi.org/10.1016/S1001-0742(07)60197-1
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Vehicle Recruitment and In-Cabin Air Measurements 
	IAQ Measurements 
	Questionnaires 
	Data Analysis 

	Results 
	Overview of the Questionnaire Result 
	PM2.5 and PM0.3 
	CO 
	CO2 
	TVOCs 
	Microbial Counts 

	Discussion 
	Impacts of High CO2 Concentrations on Air Quality, Comfort, Health and Road-Safety 
	Idling Engine: Everyone Pays 
	Improving In-Cabin Air Quality 

	Conclusions 
	References

